To clarify the changes in creatine kinase M localization along with the progress of myocardial ischemia, immunoelectron microscopic studies were performed using rabbit anti-canine creatine kinase M Fab'-horseradish peroxidase conjugate in 21 dogs. Myocardial ischemia was induced by occlusion of the left anterior descending coronary artery for 15 (n=S), 30 (n=5), 60 (n=5), or 180 (n=4) minutes. Two dogs were used as normal controls. As we have already demonstrated, most creatine kinase M in normal myocardial cells was localized over the entire A band in association with the thick filament, suggesting that creatine kinase in this region (A-band creatine kinase) was the enzyme coupled with myosin ATPase. After 15 minutes of ischemia, creatine kinase M showed only minimal changes in its location, indicating that A-band creatine kinase still has the ability to couple with myosin ATPase (reversible injury). However, after 30 minutes of ischemia, A-band creatine kinase diffused markedly to the I band (transitional phase), and after 60 minutes of ischemia, it leaked out to extracellular spaces (irreversible injury). After 180 minutes of ischemia, most A-band creatine kinase disappeared from the myocardial cells (coagulation necrosis). These features of creatine kinase M localization seemed to reflect each stage of ischemic cell injury. We conclude that myocardial ischemia results in a dissociation of creatine kinase molecules from the thick filament, which leads the energy transport system to destruction. (Circ Res. 1993;73:935-942.) KEY WoRDs * creatine kinase * myocardial ischemia * myosin ATPase * myocardial cells immunoelectron microscopy C reatine kinase (CK) is an important enzyme in cardiac and skeletal muscle energy metabolism.1-3 This enzyme is known to exist in five isoenzymes, three of which are cytosolic forms (CK-MM, CK-MB, and CK-BB),4 and in two mitochondrial forms (sarcomeric and ubiquitous Mt-CKs).5,6 The cytosolic forms are dimers composed of muscle-type (M) and brain-type (B) subunits, and Mt-CK is an octamer composed of four homodimers.7 In adult mammals, the myocardium contains substantial amounts of CK-MM, Mt-CK, and CK-MB but little CK-BB. Mt-CK is localized in the outer surface of inner mitochondrial membrane and functionally couples with oxidative phosphorylation to generate creatine phosphate as the transport form of high-energy phosphate in the cytosol.8,9 CK-MM is localized in energy-utilizing sites such as the myofibril, sarcolemmal membrane, and membrane of sarcoplasmic reticulum, at which ATP is regenerated from creatine phosphate and ADP.10-14 Although Mt-CK and CK-MM are separately localized in different subcellular compartments, they are postulated to functionally couple with each other in the myocardial energy transport system, ie, the phosphocreatine shuttle.2 CK is also well known as a sensitive enzyme for myocardial ischemia. Therefore, the measurement of serum CK and its isoenzyme analysis are widely used as clinical tests for diagnosis of acute myocardial infarction, estimation of infarct size, or assessment of thrombolytic therapy.15-17 However, the intracellular movement of CK or its release mechanisms in relation to myocardial ischemic injury have not been clear. As the first step to solve these problems, we have already established immunoelectron microscopic staining for muscle type CK (CK-M) and have demonstrated that most CK-M in normal myocardial cells is localized over the entire A band in association with the thick myosin filament.18 This finding strongly suggests that the CK coupled to myosin ATPase is the thick filament-associated CK (A-band CK) rather than M-line-bound CK.19 In the present study, we examined changes in CK-M localization in acute ischemic myocardial cells using open-chest anesthetized dogs. Our results provide new information for understanding CK release mechanisms from injured cells and the pathophysiology of myocardial ischemic injury.
Changes in Creatine Kinase M Localization in
Acute Ischemic Myocardial Cells Immunoelectron Microscopic Studies Nobuhiro Otsu, Ichiro Yamaguchi, Eiichi Komatsu, Kozui Miyazawa
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Materials and Methods

Animal Preparation
Twenty-one adult mongrel dogs weighing 15 to 27 kg were anesthetized with pentobarbital (30 mg/kg IV). They were ventilated with oxygenated room air by a pump (Harvard Apparatus, South Natick, Mass) to maintain arterial Po2, PCO2, and pH within physiological ranges. A 6F catheter was inserted into the ascending aorta for pressure monitoring. A limb-lead electrocardiogram was monitored on a cathode-ray tube display. A thoracotomy was performed in the fifth left intercosal space. The pericardium was opened, and the heart was suspended in a pericardial cradle. A snare was placed around the left anterior descending coronary artery (LAD) distal to the first diagonal branch. A catheter was inserted into the left atrial appendage for 10% patent blue V injection.
The dogs underwent 15 (n=5), 30 (n=5), 60 (n=5), or 180 (n=4) minutes of LAD occlusion by tightening the snare. During LAD occlusion, ischemia was confirmed by noting electrocardiographic changes, presence of paradoxical wall motion, and dusky color of the ischemic area. At 10 seconds before the end of each occlusion, 5 mL of 10% patent blue V was injected into the left atrium to distinguish the ischemic area from the nonischemic area, and then the heart was removed. Two dogs on which a palliative operation was performed were used as controls.
Myocardium of the left ventricular ischemic region was sliced along the long axis of the heart, and transmural tissue samples were obtained. Some of these were used for conventional electron microscopic studies, and the others were subjected to immunoelectron microscopic studies.
Conventional Electron Microscopy
Tissue samples (1 mm thick, 2 to 3 mm wide) were fixed with 2.5% glutaraldehyde in 0.1 mol/L phosphate buffer, pH 7.4, for 2 hours at 4°C, rinsed with cold buffer, and then postfixed with 1% osmium tetroxide for 2 hours, dehydrated, and embedded in Epon-812. Semithin sections were stained with toluidine blue for light microscopic examination to facilitate trimming of the blocks. Ultrathin sections were cut with a Diatome diamond knife on an LKB ultramicrotome, stained with uranyl acetate and Reynold's lead stain, and examined with a Hitachi 500 electron microscope.
Specific Antibody
The antibody used in the present study has been described in our previous report.'8 In brief, anti-CK-M antiserum was raised in rabbits by injecting purified dog heart CK-MM. Specific immunoglobulin (Ig) G was obtained by affinity chromatography on the immobilized immunogens. From the IgG, anti-CK-M Fab'-horseradish peroxidase (HRP) conjugate was prepared by the maleimide method. Specificity of the anti-CK-M Fab'-HRP conjugate was examined by Western blot analysis (see Normal rabbit IgG Fab'-HRP conjugate was prepared in the same manner.
Immunoelectron Microscopy
At least three tissue samples (1 mm thick, 5 to 7 mm wide) obtained from each heart were fixed with 4% paraformaldehyde in 10 mmol/L sodium cacodylate and 8% sucrose, pH 7.4, for 1 hour at room temperature and then placed overnight in the same fixative at 4°C. The fixed tissues were then washed in 10 mmol/L phosphatebuffered saline (PBS), pH 7.4, containing sucrose from 10% to an eventual 25% for 25 hours at 4°C. The tissues were frozen in isopentane cooled by dry ice-acetone. Tissue sections (6 gm) were prepared with a cryostat, attached to gelatin-coated glass slides, and then air-dried. The immunostaining procedure for CK-M was carried out by direct immunoperoxidase method, using anti-CK-M Fab-HRP conjugate. Accordingly, five tissue sections (two for light microscopy, three for electron microscopy) of each tissue sample were rinsed in PBS, followed by a 15-minute treatment in 1:10 diluted normal rabbit serum, washed in PBS, and incubated for 16 hours at 4°C with the anti-CK-M Fab'-HRP conjugate (5.4 gg/mL) in PBS containing 0.1% bovine serum albumin. After three washings in PBS, the sections were fixed with 2% glutaraldehyde solution for 10 minutes and several changes of PBS. The sections were preincubated in a medium of 3,3'-diaminobenzidine (DAB, 20 mg/100 mL of 50 mmol/L Tris-HCl, pH 7.6) for 30 minutes and then incubated for 8 minutes in DAB solution containing 0.005% H2O0; at this time, two sections were counterstained with hematoxylin and processed for ordinary light microscopic observations. Subsequently, the other three sections were postfixed with 2% osmic acid for 1 hour and dehydrated through a graded series of alcohol, and the subendocardial area of the section was embedded in Epon-812. Ultrathin sec-tions were cut with an LKB ultramicrotome and were observed under a Hitachi 500 electron microscope.
As an immunologic negative control, normal rabbit IgG Fab'-HRP conjugate (5.1 g/mL) was used instead of the anti-CK-M Fab'-HRP conjugate.
Results
Ultrastructural Findings
To evaluate the degree of ischemic cell injury, the hearts used in this experiment were examined by conventional electron microscopy. In Fig 1, we present ultrastructural findings of tissue samples obtained from normal, 15-minute ischemic (reversible injury), and 60-minute ischemic (irreversible injury) myocardium. In normal myocardium, the myofibrils were regularly aligned and tightly packed. Mitochondria exhibited tightly packed cristae with narrow intercristal spaces (Fig la) . The nucleus contained finely dispersed chromatin. After 15 minutes of ischemia, mild clearing of the mitochondrial matrix and clumping and slight margination of the nuclear chromatin were found. Some mitochondria showed a partial loss of the cristae (Fig lb) .
After 30 minutes of ischemia, these changes were more progressive. After 60 minutes of ischemia, marked swelling of the mitochondria with amorphous densities, dissolution and fragmentation of the mitochondrial cristae, and disorganization of the myofibrils were observed (Fig lc) . At high magnification, disruption of the sarcolemmal membrane was also found. After 180 minutes of ischemia, disruption of the mitochondrial structure, disorganization of the myofibrils, and clumping and margination of the nuclear chromatin were further developed in most subendocardial cells. (Fig 2f) . CK-M in normal myocardial cells was localized mainly in the A band of the myofibril, so its staining pattern showed constant regular cross striation by A-band CK (Fig 2a) . After 15 minutes of ischemia, four of five dogs showed a staining pattern of CK-M almost similar to that of normal dogs (Fig 2b) . One remaining dog showed a more severely ischemic CK-M pattern. After 30 minutes of ischemia, many myocytes having wavelike myofibrils were found in all five dogs. In these myofibrils, CK-M was distributed irregularly, and the regular cross-striated CK-M pattern was lost (Fig 2c) . After 60 minutes of ischemia, a variety of CK-M patterns was found, eg, patterns with cells similar to those after 30 minutes of ischemia, cells showing an obscure cross-striation pattern with A-band CK and Z-line CK, and cells showing an indistinct CK-M distribution (Fig 2d) . After 180 minutes of ischemia. a peculiar cross-striation pattern consisting of semibroad and very narrow DAB-positive stripes was observed (Fig 2e) . By following immunoelectron microscopic analysis, it was confirmed that semibroad and very narrow stripes were CK-M of the middle area of the A band and the Z line, respectively. seemed to be associated with thick myosin filaments (Fig 4) . CK-M was not found in the I band. After 15 minutes of ischemia, a small amount of CK-M was diffused to the I band. However, the localization pattern of CK-M was similar to that in normal sections (Fig 5) .
Light Microscopic Findings of CK-M Localization
Immunoelectron Microscopic Findings of CK-M Localization
After 30 minutes of ischemia, a considerable amount of CK-M, probably released from the A band, was recognized in the I band ( Fig 6) . After 60 minutes of ischemia, the most notable finding was that the CK-M was recognized in the extracellular spaces in all five dogs (Fig 7) , although myocardial cells showing a CK-M pattern similar to that found after 30 minutes of ischemia were also present. After 180 minutes of ischemia, most CK-M disappeared from the A band, and slight CK-M remained in the middle area of the A band including the M line and in the Z line (Fig 8) .
Discussion
Although immunohistochemical studies on CK localization in ischemic myocardium have been carried out by Siegel et a120 and Spinale et al,2' there has been no 15 minutes of (arrowheads). study at the level of ultrastructure. The present study was undertaken to elucidate the process of CK release from isehemic myocardial cells, and it demonstrated that, in association with the progress of acute myocardial ischemia, A-band CK dissociated easily from the thick filament, diffused to the I band, and leaked out to the extracellular spaces. These CK-M release processes appeared to be in accord with the morphological changes (Fig 1) of myocardial isehemia. Furthermore, it was revealed that A-band CK, the most abundant CK in myocardial cells, is highly sensitive to isehemic attack, whereas M-line CK and Z-line CK are relatively resis- tant. This finding may signify that A-band CK is loosely bound to the thick filament and that M-line CK and Z-line CK link tightly to their structural elements.
As emphasized in our previous report,18 we consider that A-band CK functionally couples with myosin ATPase and contributes to the myocardial energy transport system, ie, the phosphocreatine shuttle. For smooth action of this energy shuttle, it is essential that CK molecules associate closely with myosin ATPase." '12,22 Therefore, in acute myocardial ischemia, release of CK molecules from the thick filament results in impaired coupling between CK and myosin ATPase, which may directly reflect the destruction of the myocardial energy transport system.
After 15 minutes of ischemia, CK-M is slightly recognized in the I band, although most CK-M is preserved in the A band ( Fig 5) . This indicates that a part of A-band CK dissociates from the thick filaments and diffuses to the I band, suggesting that the destruction of the energy transport system has already been initiated in this ischemic period. We do not know what makes the CK dissociate from the thick filament. Yagi and Mase23 have reported that CK-MM was difficult to bind with myosin ATPase at low pH (5.6). Judging from their data, a lowered intracellular pH caused by ischemia24,25 may be a contributing factor. On the other hand, Ventura-Clapier et a126 reported that CK-MM had an ability to bind reversibly to cardiac myofibril (thick filament). Hence, even if A-band CK is dissociated from the thick filament, as long as it is preserved at least in the A band, the CK may recouple with myosin ATPase when myocardial ischemia is ameliorated by blood reflow. We have confirmed that, at 15 minutes of ischemia followed by 30 minutes of reperfusion, dissociation of CK from the thick filament did not occur frequently (authors' unpublished data). Therefore, it is assumed that the findings of Fig 3 support reversible injury. However, we cannot answer whether coupled reaction between CK and myosin ATPase is normal or not after reperfusion, because Greenfield and Swain27 and Neubauer et a125 observed that CK activity or its reaction velocity decreased in the postischemic reperfused myocardium.
It may be possible to regard the period from 15 to 40-60 minutes of ischemia as a transitional phase to irreversible injury, since the ultrastructurally established evidence representing irreversible injury (eg, occurrence of swollen mitochondria with amorphous densities, margination of nuclear chromatin, and disruption of sarcolemmal membrane) is observed after 40 to 60 minutes of ischemia.2829 Actually, we also have recognized those typical morphological changes after 60 minutes of ischemia (Fig lc) . However, there is no report of a suitable marker reflecting the transitional phase. CK-M localization after 30 minutes of ischemia (ie, marked diffusion of A-band CK to the I band, Fig 6) may be regarded as a useful marker representing a transitional phase to irreversible injury. CK diffused to the I band will leak out from the myocyte by the further progression of ischemia. In our experiment, it was observed as prominently accumulated CK-M in the extracellular spaces after 60 minutes of ischemia (Fig 7) . This finding shows pronounced injury of the myocardial energy transport system via CK reaction, although we do not know how much CK remained in the A band or leaked out from the cell. This is likely important evidence demonstrating irreversible injury. Jennings et aD30 reported that the disruption of the sarcolemmal membrane was a criterion for the evidence of irreversible injury. Our results (CK-M leakage to extracellular spaces) support their criterion because the phenomenon is thought to be a result of the disruption of the sarcolemmal membrane.
The irreversibly injured myocyte is destined to die sooner or later. The findings after 180 minutes of ischemia, shown in Fig 8, seem to be a typical CK-M distribution pattern in an ischemic myocyte with coagulation necrosis, since the A-band CK almost disappears from most cells and the remained CK-M is distributed uniformly. This finding indicates the entire destruction of the energy transport system.
In conclusion, the present findings suggest the following: (1) A-band CK seems to be highly sensitive to ischemic attack. (2) Acute myocardial ischemia results in a dissociation of CK molecules from the thick fila-(A, arrowheads), in the M line (M), and in the Z line (Z). ment, leading the myocardial energy transport system to destruction. (3) Changes in CK-M localization in association with the progress of myocardial ischemia may reflect the transition from reversible injury to coagulation necrosis.
